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The main concerns of air travel are the operating costs of general aviation aircraft.
Hybrid-electric system design provides a great opportunity for future aircraft models to
be environmentally friendly. The Hybrid-electric power propulsion system experienced a
growing interest driven by determined targets. Electric technologies have proven
promising success to achieve a successful result in the near- and long-term. Combining
fuel cells and batteries, this technology can enable a significant reduction in fuel
consumption, noise, and emissions. Different types of fuel cells and batteries are
proposed and discussed during this work. The Cessna C-172 is a candidate to test the
combination of the most promising fuel cells and batteries for a hybridization or complete
electrification strategy.
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CHAPTER I
BACKGROUND AND REVIEW
Introduction
The popularity of air travel has increased in the last decades. With a dramatic
growth of air traffic all around the world, the annoyance of aircraft noise is rapidly
increasing. Not only does this impact the environment adversely, but the aircraft noise
and fuel consumption is a crucial matter in terms of cost as well. Global warming is now
a big concern that prompted actions restricting the emissions of carbon dioxide. As a
result, the aviation community is expecting limits in emissions, leading industries to
achieve important advances researching and developing more efficient vehicles. It’s
commonplace for industries and business to look for new technologies providing lower
costs and greater efficiencies saving the company money while it increases efficiencies of
operation and production. There is one clear solution that will have a positive impact on
the entire world: green power.
Providing the highest environmental profits, green power or electric power is
produced from solar, geothermal, wind, eligible biomass, biogas, or small hydroelectric
sources at a low carbon output for more-electric aircraft or no carbon output for allelectric aircraft.
Hybrid-electric aircraft design provides a great opportunity for our future aircraft.
This model is reducing the noise and the fuel consumption and has a positive
1

environmental impact. The term hybrid-electric implies that electric power is used in
combination with at least one additional power source (commonly fuel power).
The introduction of hybrid electric automobiles has been a great success leading
to boosting research progress in terms of electric motors, electric controls, ultracapacitors and advanced batteries. Several companies adapted the hybrid electric
technologies to small general aviation aircraft. Powered by ground rechargeable batteries,
many groups have successfully flown experimental small airplanes. Performance studies
have shown a limitation in the performance of the small battery-powered C-172. Those
performance limitations are due to low specific energy values of chemical batteries. The
installation weight of the batteries and the electrical system result in a large weight
increase. However, the hybrid electric system has multiple advantages, most importantly
the significant fuel cost reduction [1].
The Cessna C-172 has the highest chance to go from the world’s bestselling civil
airplane to the most ecologically advanced one. The operating cost motivated some to
look for efficient solutions. Particularly, George Bye from Bye Aerospace is currently
working on greening the C-172 propulsion system with an electric motor lithium-ion
battery for the same actual weight, performance, and range [2]. This thesis is focused on
an alternative greening solution for the Cessna C-172 with a combination of fuel cells and
batteries.
Review of Hybrid Electric Power
Electric aircraft are powered by electric motors instead of an internal combustion
engine. This energy comes from solar cells, fuel cells, and batteries. In the 1970’s, the
electrically powered aircraft models were proposed but all current manned electric flying
2

aircraft are mostly just an experimental demonstration. In 2015, a manned solar-powered
plane began a 5 months circumnavigation of Earth [3].
In 1997, the first electric aircraft available commercially flew with a 13 kW (17
hp) electric motor with 40 kg (88 lb) batteries to store 1.4 kWh of energy [4].
NASA is researching ideas that could lead to developing an electric powered
aircraft that would be quieter, more fuel-efficient and environmentally positive than
today's commuter aircraft. The actual proposed piloted experimental airplane is Scalable
Convergent Electric Propulsion Technology and Operations Research (SCEPTOR) [5].
Boeing believes that for the subsonic concepts the hybrid electric engine technology is a
“clear winner” [6]. Hybrid electric propulsion can shorten takeoff distance and reduce
noise. Airbus recognizes the potential of electro-mobility and has committed resources to
a program called “E-Aircraft program” [7].
For Hybrid Electric Vehicles (HEV), the gasoline engine is smaller than a pure
gasoline vehicle. For that, HEV produces fewer emissions from the internal combustion
engine than vehicles powered solely by gasoline. Much international research and
development are focusing on electrification of the propulsion and power systems of
aircraft for low to no in-flight emission. By 2020, the Advisory Council for Aeronautics
Research in Europe (CARE) wants to reduce the Nitrogen Oxides (NOx) emissions by
80% and the emission of Carbon Dioxides (CO2) by 50%. In parallel, by 2050, the
European Commission (EC) is planning to reduce CO2 by 75%, NOx by 90% and noise
by 65% [1].
NASA is testing a Distributed Electric Propulsion (DEP) wing mounted on a truck
to be driven at a high-speed across a lake bed in California as shown in Figure 1.1. The
3

wing has 18 small electric propellers mounted along the leading edge. The system was
driven at a speed of 112.654 km/h (70 mi/h) [8].

Figure 1.1

Hybrid electric system is integrated into a modified truck [8].

The SCEPTOR project involves the replacement of the wing on a four-place
general aviation aircraft. Sceptor is using an Italian-built Tecnam P2006T, which is a
twin-engine with a DEP wing as shown in Figure 1.2. SCEPTOR’s flight test is
scheduled for 2017. The small propellers will contribute in increasing the lift of the
aircraft at lower speeds, with a shorter taking-off and landing distance [8].

4

Figure 1.2

Tecnam P2006T with the LEAPTech wings [8].

With a hybrid-electric systems approach, C.Pornet and A.T.Isikveren [9] wanted
to examine the relative merits of the advanced aircraft morphology to the Propulsion
Power System (PPS) subject to specific constraints. The suitable way to represent the
degree of hybridization for aircraft is to take into consideration the two important ratios
Hp=Pelec/Ptot & He=Eelec/Etot where Pelec represents the maximum installed/useful electric
power, Ptot is the total PPS installed power, Eelec is the total stored electric energy and
Etot is the total stored energy for the entire PPS. The type of installation proposed is a
Quad-fan arranged narrow-body transport aircraft equipped with two Geared-Turbofan
(GTF) and two Electrical Fans (EF) in an underwing configuration. There are two
possible powertrain options, the serial and parallel hybrid solution. So the combustion
engine and electric source can be combined in serial or in parallel. When finally
comparing their model to a combustion based aircraft, Pornet and Isikveren noticed a
significant block fuel reduction by increasing Hp use for design ranges 900 to 1700 nm
[9].
5

Currently, the main methods in use for renewable energy are a photovoltaic cell,
components of Maximum Power Point Tracking (MPPT), and rechargeable batteries [10].
Another method is to extract energy from wind shear and store energy by gravitational
potential. But every method has certain advantages and disadvantages to satisfy certain
requirements.
For solar-powered aircraft, the photovoltaic cell, rechargeable battery, and MPPT
are still the main research thrusts to extract/store energy. However, the limited onboard
energy storage capacity is a major problem that inspires many to look for improvement to
the battery technologies and finding alternative methods to extract and store energy.
Among the many methods, the extraction of energy from wind shear and storage energy
by gravitational potential are considered to be the most promising way to enhance the
High-Altitude Endurance (HALE) ability of solar-powered aircraft.
The silicon photovoltaic cell consists of monocrystalline silicon, multi-crystalline
silicon, and amorphous silicon. Gallium arsenide (GaAs) photovoltaic are thin-film
photovoltaic cells and thin layers of semiconductor materials applied to a solid backing
material. GaAs, Cadmium Telluride (CdTe), Copper Indium Diselenide (CuInSe2) and
Titanium Dioxide (TiO2) are materials mostly used for thin film photovoltaic cells.
Lithium Ion (Li-ion) batteries are the members of a family of rechargeable battery types
where it moves from the negative electrode to the positive electrode during discharges,
and back when charging. Li-S (Lithium Sulfur) batteries, developed by Sion Power, are
the highest theoretical energy densities of any rechargeable battery chemistry as shown in
Figure 1.3. It is a very promising technology for high energy applications and may

6

succeed Li-ion cells because of the higher energy density and reduced cost from the use
of sulfur.

Figure 1.3

Comparision the energy density of different batteries [11]

A Li-ion polymer battery has the same properties of a Li-ion battery but is still
lighter in weight and can be made in any shape desired. This particular kind of battery
has a wide range of applications. The Maximum Power Point Tracking (MPPT)
represents the function of MPPT to match the power of load to the Maximum Power
Point (MPP) on the Power-Velocity (P-V) the curve of the photovoltaic cell, and to lock
the operating point at MPP to extract maximum power from the solar cell array. Fuel
cells are an enabling technology that provides a high electrical energy by reaction of fuel
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and oxygen without combustion. The fuel cell has more advantages than other
rechargeable batteries, such as less pollution and higher efficiency.
Silicon photovoltaic cells [12,13] are the most common way to extract energy for
solar-powered aircraft, although the energy conversion efficiency of the GaAs
photovoltaic cell is greater. This is due to a main factor, the weight of the substrate for
silicon. And the Li-ion and Li-ion polymer batteries are the most widely used
rechargeable batteries in solar-powered aircraft. However, the Li–S battery is a new
trend, since it has the highest energy density among the lithium battery family. Fuel-cells
have the potential to achieve a breakthrough in the aircraft field. In theory, the
concentrated mass will introduce a less complex system into the aircraft’s flight
dynamics. So, it is not appropriate to apply the fuel cell on solar-powered aircraft at this
stage of technology development. To select a proper MPPT algorithm for solar-powered
aircraft, the performance of tracking accuracy, energy tracking factor, transient tracking
speed, and the ability to deal with partial shading need to be considered [12,13].
Energy is crucial during the flight of an aircraft and the operational condition of
photovoltaic varies drastically with the changes of altitude. The methods to extract
energy from wind shear and store energy by gravitational potential are promising ways to
achieve the high-altitude, long-endurance ability of solar powered aircraft. This is the
case since dynamic soaring can be considered as an alternate energy source for aircraft
day and night, and the gravitational potential can store the energy without any weight
penalty. Rayleigh [14] proposed a different method to extract energy assuming that the
birds can extract energy in a horizontal but non-uniform wind field and named this
phenomenon as dynamic soaring.
8

A new electricity-generating method is adopted to spread the photovoltaic cell on
the wing surface and arrange photo-thermal power in the wing box section. The
temperature on the back of a photovoltaic cell can be used as a high-temperature heat
source. The lower wing surface can be a low-temperature cold source. Kangwen Sun,
Ming Zhu, and Lifeng Wang analyzed the weight and power of two aircraft designs, one
using a photovoltaic system and the other a hybrid system. By comparing both systems,
they have found that the hybrid system can effectively reduce the wing area by 19%. The
hybrid system can increase the utilization of solar energy and reduce the weight of the
whole structure [15].
The use of fuel cells only for the entire power system leads to excessive weight
considering the large fuel cell system that needs to be considered [16]. For that, the
combination of fuel cells and batteries can solve the problem. This hybrid model has been
presented in multiple applications primarily in Hybrid Electric Vehicles (HEVs) [17].
Different concepts and models are constantly being developed for different usage such as
electric powertrains [18] for an Auxiliary Power Unit (APU) for Boeing 767 [19].
Turbines remedied military, commercial and business aviation problems of cost,
reliability, range, power and speed. Electric propulsion provides a promising solution to
such problems and even more so on an economically small scale. Siemens researchers
[20] created a new prototype electric motor designed for aircraft that weighs in at just
50kg (110 lb) and produce about 260 kW (348 hp) at just 2500 rpm. Also, Hypstair
believes that its motor is the most powerful hybrid-electric powertrain providing
equivalent power to general aviation engines. Hypstair drive motor delivers in takeoff
and cruise 200 kW (268 hp) and 150 kW (201 hp) respectively. Running in three different
9

modes: generator-only mode, the electric-only mode by using battery power, or hybrid
mode combining the two. A panel mounted display will provide performance and status
data, while a single lever will operate the power plant [21].
Fuel cells are also a promising power source. Boeing, in collaboration with Sandia
National Laboratories, is researching the possibility of using fuel cells as a backup power
source to ensure safety in case of an emergency. For the first time on a civil aircraft,
Airbus skillfully tested fuel cells as a backup system to power hydraulic and electric
power systems during a flight while generating over 20kW (26.8 hp) of electrical power
and producing just 10Liters of H2O [22]. In a partnership with the German Aerospace
Centre and Parker Aerospace, Airbus is studying the usage of the Multifunctional Fuel
Cells (MFFC) to replace the gas Auxiliary Power Unit (APU) [23]. More recently, Ian
Davies, EasyJet’s head of Engineering, stated that they can power a green taxi system
using fuel cells. Furthermore, SAFRAN and Honeywell created in 2011 an “Electric
Green Taxiing System” that uses the APU to run wheel-mounted motors cutting fuel
consumption by 51%. This system is expected to be ready by 2018 [24].
Most researchers found some issues in all the different concepts of hybrid-electric
aircraft. The two main issues are the electrical system installation and the weight of the
batteries resulting in a large weight increase. To compensate this negative weight impact,
more approaches need to be evaluated according to the aircraft mission requirements.
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FUEL CELLS AND BATTERIES
Introduction
First invented in 1838, fuel cells are devices capable of converting chemical
energy into electricity from the fuel through a chemical reaction between a hydrogen ion
positively charged and an oxidizing agent such as oxygen [25]. Fuel cells show promise
to be the main power source for small general aviation aircraft and any other vehicle
scenarios as shown in Figure 2.1. Fuel cells application have several advantages in
environmental and economic terms [16]. In October 2008, the first manned fuel cell
powered aircraft completed a flight. In addition to providing propulsion, fuel cells can
supply the electrical power needed for aircraft control and cabin comfort while generating
water needed for lavatories and galleys in the aircraft. For more electrical aircraft, the
auxiliary power unit (APU) can successfully be powered by fuel cells [22].
A fuel cell has an anode, a cathode, and a positive and negative electrode. In
addition to the two electrodes where the electricity production is taking place, a fuel cell
has an electrolyte carrying electrically charged particles from an electrode to another and
a catalyst speeding the reaction occurring at the two electrodes. The energy efficiency of
a fuel cell is typically between 40 and 85%, if waste heat is captured for use. The fuel
cells use is to produce electrical currents to be directed outside the cell to power an
electric motor [26].
11

Figure 2.1

Different vehicle greening scenarios over the 21st century [27].

BEV= Battery Electric Vehicle; H2 ICE HEV= Hydrogen Internal Combustion Engine
Hybrid Electric Vehicle.
Types of Fuel Cells
A single fuel cell generates a very small amount, about 0.7 volts, of direct current
electricity where, in practice, multiple fuel cells are being combined in series creating
higher voltage to satisfy the requirements of a certain application. This combination of
cells is called the fuel cell stack. To provide more power, the surface area of the cell can
be increased [26].
There are multiple types of fuel cells. In general terms, at the anode, the hydrogen
atoms enter a fuel cell where they strip from their electrons. The hydrogen atoms are
ionized carrying a positive electrical charge. To do work, the negative electrons provide
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current. There are Low-Temperature (LT) fuel cells and High-Temperature (HT) fuel
cells as shown in Table 2.1.
Table 2.1

Low and high-temperature fuel cells types and their efficiency

Name
AFC- Alkaline Fuel Cell
PEMFC- Proton Exchange
Membrane Fuel Cell
DMFC- Direct Methanol
Fuel Cell
PAFC- Phosphoric Acid
Fuel Cell
MCFC- Molten Carbonate
Fuel Cell
SOFC- Solid Oxide Fuel
Cell

% Efficiency Cell
45-70
35-40

Temperature oC
90-100
0-200

20-30

0-200

50

150-200

55

600-700

55-60

700-1000

The LT fuel cells have a short heating period and have a restricted use of the heat
rejected. LT fuel cells use only H2, methanol or a process gas as a fuel. The HT fuel cells
have higher requisition of material and a long heating period. For this type of fuel cell,
the rejected heat is easy to utilize.
All fuel cells are working following the same principal with an anode, a cathode
and an electrolyte. But they have different electrolyte with different fuel type
consumption, and different power output. The Alkali fuel cell in Figure 2.2 acts on
compressed oxygen and hydrogen. The electrolyte here is composed of water with
potassium hydroxide. The cells output is from 0.3-5 kW (0.4-6.7 hp). Apollo spacecraft
program used fuel cells for processing drinking water and electricity [28].
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Figure 2.2

Drawing of an Alkali Fuel Cell [28]

Another type of fuel cells is the MCFC (Molten Carbonate Fuel Cell) shown in
Figure 2.3. The electrolyte for this type of fuel has a high-temperature combination of salt
and carbonates. The cell’s unit output is of 2-100 MW. The high temperature limits the
usage in terms of safety as it can be too hot for home usage. Moreover, the need of
carbon dioxide injection will be required to compensate the carbonate ions that are
consumed during the reaction [28]

14

Figure 2.3

Drawing of a Molten Carbonate Fuel Cell [28]

As their name implies, the Phosphoric Acid Fuel Cell (PAFC), shown in Figure
2.4, use phosphoric acid as their electrolyte. Their output can be from 0.2 to 11 MW. The
Phosphoric Acid fuel cells have a small tolerance to carbon monoxide, narrowing the
choice of fuel that can be used [28].

15

Figure 2.4

Drawing of a Phosphoric Acid and Proton Exchange Membrane Fuel Cell
[28]

The Proton Exchange Membrane Fuel Cells (PEMFC) are typically using pure H2
as fuel. The oxidation occurring at the anode can be represented as follow:
H2  2H+ + 2e-

(2.1)

The positively charged ions migrate to cathode through wires producing electricity. At
the cathode, the H+ ions react with the ions producing pure water, H2O. The reaction
occurring at the cathode can be represented as follow:
O2 +4H+ + 4e-  2H2O

(2.2)

Using a solid polymer electrolyte in the form of a thin sheet, the Proton Exchange
Membrane fuel cell has an output power up to 50-250 kW (67-335 hp). An ideal H2 unit
16

cell provides 1.16 Volts at 80oC and 1atm. The electrolyte here would not leak or crack as
it is in a solid flexible form [28].
Last but not least, the Solid Oxide Fuel Cell (SOFC) shown in Figure 2.5, are
using a ceramic hard mixture of metal oxides as electrolytes. SOFC has a power output
up to 100kW (134hp). The hydrogen on the fuel must not be extracted as SOFC are a
High-temperature fuel cell type. Waste heat though can be recycled for additional
electricity [28]. At the cathode, O2 is reduced to O2- as shown in the following reaction:
O2 + 4e-  2O2

(2.3)

The ions are then transported through the electrolyte to the cathode to react with
gaseous fuel producing water as shown in the following reaction:
2H2 + 2O2-  2H2O + 4e-

Figure 2.5

Drawing of a Solid Oxide Fuel Cell [28]
17

(2.4)

Unlike PEMFC, this type does not require pure H2 as fuel. Laboratory
experiments demonstrated that an SOFC has a power density of approximately 2 W/cm3.
Figure 2.6 shows a comparison diagram of different energy conversion methods [29].

Figure 2.6

Specific power versus power density for current energy conversion
methods [29].

Application of Fuel Cells
Fuel cells are being used in different broad areas: the portable fuel cells for a
product that are designed to be moving, the stationary fuel cells for the ones not moving,
and transport for units providing propulsive power. The portable application has a power
range from 0.005-20 kW (0.007-27 hp) using the PEMFC or DMFC. Concerning the
stationary application, their typical power range is from 0.5-400 kW (0.7-536 hp) using
18

either the MCFC, PENFC, PAFC or SOFC. Whereas for the transport application, the
power range is from 1-100kW (1-134hp) using either the PEMFC or DMFC [30]. Table
2.2 shows different examples of application for fuel cells.
Table 2.2

Examples of different applications for fuel cells [30]

Portable
- Military (skid
mounted
generators, portable
soldier bore power)
- Non-motive
auxiliary power
units (Lighting,
boats, campervans)

Stationary
- Uninterruptible
power supplies
(UPS).
- Stationary
combined heat and
power (CHP).

Transport
- Aircrafts
- Vehicles
- Trucks
- trains
- Materials handling
vehicles.

Fuel cells have high chances to become the main power source for small general
aviation aircrafts, such as the Cessna C-172. Environmentally friendly, fuel cells can
guarantee reduction of pollution since they produce emission of water only [16]. Fuel
cells will contribute to noise reduction too, solving the problem of takeoff and landing
night flight. One main concern with this type of fuel cells is the high temperature reached
at full duty (take-off and climb). To avoid the high temperature issue, a cooling system is
used associated to the Fuel Cell system. This system has been tested and successfully
maintain the temperature bellow the admissible limits [16].
Lithium-ion Batteries
Aerolithiun Aviation Lithium Batteries are the first in the USA to be used for
experimental aircraft. The latest generation of the Lithium batteries use all-copper
connections encased in the aluminum shell to ensure protection. The Lithium batteries are
19

waterproof, shockproof, custom sized, and replace lead acid batteries at 75% less weight.
The Lithium batteries are environmentally friendly, unlike the previous lead acid
batteries. Lithium batteries are cheaper, smaller, have a longer life span, and are very
safe. They have the potential of powering fixed-wing aircraft, experimental aircraft,
helicopters, gyrocopters and light sports planes [31]. The Lithium-ion (Li-ion) batteries
are less efficient in solar aircraft as there is a loss of efficiency when flying by night [32].
But with a fuel cell, there is no such problem as the fuel cell are independent of the
sunlight.
While charging, the lithium ions are moving from positive to negative electrodes
and back forward while discharging. The Li-ion polymer is from the same battery family,
as shown in Figure 2.7, as the Li-ion but lighter in terms of weight and easily designed in
any shape desired. Both are considered the best rechargeable batteries with a high energy
density and very slow loss of charge when not being used with an energy density from
140 to 240 Wh/kg. However, Li-ion and Li-ion polymer’s energy density is considered
insufficient so more batteries are required which implies more weight that in turn will be
consuming more energy. Lithium-ion sulfur (Li-S) is different; it is lighter in weight, the
life cycle of 1500 discharge cycles, very safe, and can be fully discharged, unlike the Liion that can be discharged at only 80%. Nevertheless, OXI energy, a Li-S batteries
developer, declares that Li-S to be maintenance free. The Lithium-Sulfur redox couple
has a specific capacity of 1600 mA h/g, the theoretical specific energy of 2700 Wh/kg,
and a specific density of 325 Wh/kg. The active ingredients of the Li-S batteries are
lithium and sulfur. Sulfur is a recycled waste product from oil industry [33,34].
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Figure 2.7

Current energy storage technology [33]
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HYBRID-ELECTRIC CESSNA SKYHAWK C-172

Figure 3.1

Drawing of Cessna C-172 [14]

Introduction
In 1955, the legendary Cessna C-172, shown in Figure 3.1, was designed.
Determined to meet customer needs, Cessna sought a low-priced, safe and reliable
aircraft to compete with other companies. Over 43,000 aircraft have been produced.
Comparing all aircraft models from all companies, the C-172 is the world best-selling
aircraft ever designed. Manufactured in accordance with the Federal Aviation Regulation
(FAR) part 23, the C-172 is a four place aircraft easy to fly and it is used for recreation,
22

business and military training applications. Figure 3.2 shows different views of a late
model Skyhawk [35].

Figure 3.2

360-degree view of Cessna Skyhawk [35]

With a single engine, various models of the Skyhawk incorporated improvements
and changes such as a new tricycle landing gear, fiberglass wingtips, etc. The current
models of the Skyhawk are the C-172R and C-172S. The C-172R has a Lycoming L-IO
360-L2A 119 kW (160 hp) engine, a McCauley 1C235/LFA7570 propeller, with an
integrated fuel tank, with a gross weight of 1111kg (2450 lb). The C-172S has an L-IO
360-L2A 134 kW (180 hp) engine as shown in Figure 3.3, a McCauley
1A170E/JHA7660 propeller, and a higher gross weight of 1157 kg (2550 lb) and an
optional Garman G1000 glass cockpit [2].
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Figure 3.3

Lycoming 360 engine [36]

Cessna Skyhawk Specification Data
The C-172 power system is composed of an engine, a propeller, and other
accessories as shown in Figure 3.4. Almost all Skyhawk propellers are manufactured by
McCauley although a few are using propellers from different manufacturers. The C-172
uses a fixed pitch propeller for maximum performance and minimum operating cost. The
propeller’s function is to convert engine energy into thrust, allowing the aircraft to move
forward.
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Figure 3.4

Engine components [37]

The Cessna C-172R specification data are reported in Table 3.1 where
dimensions, weights, baggage capacity, performance, and power-plant information are
described.
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Table 3.1

Cessna Skyhawk Specification

Specification
SI units
English Units
Length
8.28 m
27ft 2in
Height
2.7 2m
8ft 11in
Dimensions
Wingspan
11 m
36ft 1in
2
Wing Area
16.17 m
174 ft2
Max Ramp Weight
1,160 kg
2,558 lb
Max Take-off Weight
1,157 kg
2,550 lb
Max Empty Weight
744 kg
1,640 lb
Weights
Useful Load
416 kg
918 lb
Max Payload
413 kg
910 lb
Weight
54.4 kg
120 lb
Baggage Capacity
3
Volume
0.85 m
30 ft3
Max Cruise Speed
230 km/h
124 kids
Performance
Max Range
1,185 km
640 nm
Engine Manufacturer
Textron Lycoming
Model
IO-360-L2A
Power Output
134 kW
180 hp
Power-plant
Propeller
McCauley
Manufacturer
Description
2 blade metal – Fixed pitch
Data have been taken from the aircraft and engine official manufacture’s websites
[35,36].
Hybrid Electric Propulsion System
Conventional, electric and hybrid electric system
One of the main concern of air travel are the operating costs of general aviation
aircraft, A hybrid-electric aircraft design provides a great opportunity for future aircraft
models to be environmentally friendly. This hybrid-electric model is a combination of
fuel cells and batteries which reduces noise and pollution. There are three different
propulsion systems options as shown in Figure 3.5. that are conventional propulsion
systems, using aviation fuel, hybrid-electric propulsion systems, for any combination of
two or more sources, and universally-electric for the fully electric option. Figure 3.5 is an
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architectural representation for gas turbine but the same concept is applied for aviation
fuel engines.

Figure 3.5

Propulsion system architectural options [1]

The suitable way to represent the degree of hybridization for aircraft is to take into
consideration the two important ratios:
𝐻𝑃 =

𝑃𝑒𝑙𝑒𝑐

𝐻𝐸 =

𝐸𝑒𝑙𝑒𝑐

𝑃𝑡𝑜𝑡
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𝐸𝑡𝑜𝑡

(3.1)
(3.2)

where Pelec represents the maximum installed/useful electric power, Ptot is the total Power
Propulsion System (PPS) installed power, Eelec is the total stored electric energy and Etot
is the total stored energy for the entire PPS. The conventional propulsion system ratios
are HP=0 and HE=0 as there is use of an aviation based fuel. Universally electric
propulsion system has a ratio of HP=1 and HE=1 where energy storage is batteries only
[1]. Figure 3.6 shows an example of a degree of hybridization trade analysis for a
conceptual dual energy storage. For this model, HP=1 and HE=1.

Figure 3.6

Trade study of the degree of hybridization for dual-source power
propulsion system [1].

The red dot represents the degree of hybridization of the hybrid system consisting of a
combination of fuel cells and batteries.
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Fuel Cells and Battery Combination
Mission requirement
For a small general aviation aircraft, important parameters of performance need to
be measured for an electric propulsion system such as the power, current and voltage.
Figure 3.7 shows a diagram of the mission requirement steps that are to be followed in
this work to design a hybrid-electric power model for a Cessna C-172R.

Figure 3.7

Hybrid-electric design steps

When designing a new hybrid-electric aircraft, certain specifications concerning
the aircraft must be taken into consideration. Based on the design process shown in
Figure 3.7, the first step is to define the power required. The aircraft weight, aerodynamic
model, propeller data, and mission specification are determined as presented in Figure
3.8. The power required is based on the current Lycoming conventional engine installed
in the kerosene based C-172R.
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Figure 3.8

Diagram of the C-172R Propulsive Power Demand [2, 35, 39].

The second step is to determine the total output provided by the hybrid-electric
system. The hybrid-electric system for this concept design is a combination of Solid
Oxide Fuel Cells and Lithium-Sulfur batteries. When a power system is depending on
fuel cells only for the entire cycle (take-off, cruise, and landing), the first order result is
an overweight aircraft considering the large fuel cell system needed. Therefore, a hybrid
battery-fuel cell system can be adapted to the C-172R, and any other small general
aviation aircraft. Now that the power required is known, the combination of fuel-cell and
battery that is to be developed should fulfill the power required for the aircraft to operate.
In chapter II, different types of fuel cells have been presented. Solid Oxides Fuel
Cells (SOFC) have demonstrated the highest power density and specific power compared
to all other energy conversion methods. Which implies that SOFC have the smallest
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volume and lightest weight for a maximum power output making it the best candidate to
the hybrid-electric system.
The fuel cell system is the main power source; the power supply from the battery
will be used during the most demanding phases, take-off and climb. Whereas, during
cruise, the power supply from the battery will be limited. It is very important to have two
different and separate power sources to guarantee safety on the flight. When the power
requested is superior to the maximum fuel cell work, the battery is used to satisfy the
remaining power requested.
Power output calculation
The design concept of the hybrid-electric C-172R must be able to provide enough
power output to fulfill its requirements. To power a C-172R the power required has been
determined to be 134 kW (180 hp). Therefore, the power output that is to be provided by
the fuel cells and batteries must satisfy this requirement. First, it has been found that each
Solid Oxide Fuel Cell produces 0.418 kW (0.56 hp) [40]. To produce a total of 125.52
kW (168.32 hp), 300 fuel cells are needed. The 300 cells are to be assembled in 3
different stacks of 100 cells each. A stack is a cubical box where the cells are assembled
as shown in Figure 3.9.
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Figure 3.9

Components of a fuel cell stack [40]

An excel based program developed by the Green Box Systems Group [43] has
been used to determine the fuel required by the Solid Oxide Fuel Cell system for a net
power output of 125 kW (168 hp) (see Appendix A). There are two main inputs for the
program, the electrical power required and fuel supplied to system. This program takes
into consideration the converter efficiency, the current efficiency, the fuel supplied to a
stack, the fuel used for preheating, and the fuel used for external preheating. The outputs
provided by the program are the sum of currents through all cells in stack, the voltage
constant with current, the heat output, and most importantly the net power output from
fuel cell system. By choosing a rate of 0.006 kg/s of fuel supplied, the net power output
from the fuel cell system is 125 kW. This meets the net output power required from the
SOFC system to power the aircraft.
As of the battery system, as demonstrated in the previous chapter, Lithium-Sulfur
(Li-S) batteries are lighter, have a longer life cycle, are safer, and can be fully discharged
versus other options. The Li-S battery has a theoretical specific energy 2700 Wh/kg,
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which is five times higher than any lithium battery. The Li-S battery unit considered was
developed by OXIS Energy, a company focusing on the development of the Li-S
chemistry for a variety of applications [34]. The Li-S battery that is to be combined with
the SOFC system must be able to provide enough power to fulfill the remaining power
required. The actual Li-S battery unit available has a power capacity of 3000 W (4 hp)
per unit. For that 3 units are needed for a power output of 9 kW. Table 3.2 shows the total
power output calculation.
Table 3.2

Total power calculation

Systems
Unit
Power Output per
system

Li-S

SOFC
kW

hp

1 cell

0.4

0.6

Stack of 100
cells

42

56

3 Stacks

125

168

Total net Power
Output

kW hp
1 unit

3

4

3 units

9

12

134 kW / 180 hp

Weight calculation
A Solid Oxide Fuel Cell weighs 0.620 kg (1.36 lb) and the stack, consisting of a
load frame and header, weighs 13 kg (28.7 lb). With a total of 3 stacks of 100 cells each,
the total weight of the SOFC system is 225 kg (496 lb). Currently, the Li-S battery unit
weights 25 kg. Table 3.3 shows a detailed weight calculation for this hybrid-electric
system.
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Table 3.3

Weight calculation of the hybrid-electric system.

System

SOFC

Units

Weight per unit

Li-S battery
kg

lb

1 Cell

0.6

1.4

100 Cells

62

136

Load frame and
header

13

29

1 Stack

75

165

3 Stacks

225

494

kg

lb

1 Unit

25

55

3 Units

75

165

300 kg / 659 lb

Total weight

To calculate the total weight of the hybrid-electric Cessna C-172R, the Lycoming
engine weight and fuel weight has been subtracted from the empty weight taking into
consideration the new power system. To make sure the maximum take-off weight is not
exceeded, 3 seats (pilot, co-pilot, and 1 passenger) are taken into consideration. The
weight calculations are reported in Table 3.4.
The current Lycoming engine weighs 159 kg (350 lb) and the fuel weighs 114 kg
(252 lb). As the current power system is replacing the reciprocating engine, both the
engine weight and the fuel weight are subtracted from the original empty aircraft weight.
The e-motor taken into consideration for this hybrid system is the one used in the current
electric Cessna developed by BYE Energy for a maximum flight duration of two hours.
The current electric Cessna 172 is successfully flying using a lightweight six blade
propeller designed to complement for the e-motor in use. The e-motor weighs 20 kg (45
lb) [44]. The total weight for the alternative fueled aircraft is 1058 kg (2332 lb) which is
below aviation fuel based aircraft weight of 1557 kg (2550 lb).
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Table 3.4

Weights calculation assumption
Component

Mass

Empty aircraft

kg
512

lb
1130

E-motor

20

45

Fuel cell system

225

496

Battery Packs

75

165

3 Seats

225

496

Total

1058

2332

Dimensions
The hybrid-electric system proposed consists of a combination of Solid Oxide
Fuel Cells and Lithium Sulfur batteries to power the C-172R. The battery system is
composed of 3 Li-S battery units. Each unit has a height of 130 mm (5.12 in), a width of
482 mm (19 in), and a diameter of 650 mm (25.6 in) as shown in Figure 3.10.

Figure 3.10

Lithium-Sulfur Unit dimension
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The main power source of the hybrid-electric system is provided by the fuel cell
system consisting of 3 stacks of 100 fuel cells. The dimensions of a single stack are
presented in Figure 3.11. The whole stack height is 11 cm (4.4 in) [42]. The stack is
composed of frames and 100 fuel cells; each fuel cell has a height of 1 mm.

Figure 3.11

Dimensions of an SOFC stack

The hydrogen storage and distribution of the fuel cell system consists of two
tanks. This system can be placed behind the pilot, co-pilot in the luggage compartment so
that it is separated from the cabin to prevent any leakage of H2 into the cabin and also
simple access to tanks when a refill or change is required. The batteries can be placed
safely in the cabin compartment at the 4th passenger seat, tied up with rails to ensure an
easy process while removing batteries when a recharge is required. Most importantly, the
fuel cell system can take the old engine emplacement in the forward of firewall. An
architectural representation of the combination of Solid Oxide Fuel cell and battery for a
hybrid-electric propulsion system for C-172R is presented in Figure 3.12.
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Figure 3.12

Hybrid electric power system distribution

Conclusion
Different types of fuel cells and lithium batteries have been presented and
discussed in this work. SOFC are the most promising type of fuel in terms of energy,
power, weight and efficiency. As for the batteries, Lithium Sulfur promises to
revolutionize rechargeable battery markets. Li-S are lightweight with full discharge, a
relatively long cycle life, maintenance free, and inherently safe. For that, the combination
of SOFC and Li-S is an innovative system concept for a complete electrification of an
aircraft or a hybridization of a particular aircraft system.
The Cessna C-172R is a candidate for this conceptual design of a hybrid electric
power system. To replace the Lycoming L-IO 360-L2A engine, a Solid Oxide Fuel Cell
system combined with Lithium-Sulfur Batteries is proposed. The Solid Oxide Fuel Cell
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system consists of 3 stacks of 100 cells each with combination. The Lithium-Sulfur
battery system consists of 3 battery units. The total output power of the combined system
has been determined as 134.4kW (179.7hp). Dimensions and weights of each system has
been defined as well as the concept architectural design. Meeting our aircraft
requirements, the hybrid-electric system based on a combination of fuel-cells and
batteries can successfully replace the actual aviation fuel.
Beside the Cessna C-172R, this system can be considered for all small generation
aircraft for a complete clean energy. Furthermore, this hybrid-electric system can be
considered for more-electric subsystems to high altitude aircrafts. Not forgetting that both
systems are in constant development promising even better performance.

38

REFERENCES
[1]- C.Pornet and A.T.Isikveren, “Conceptual design of hybrid-electric transport aircraft”
Progress in Aerospace sciences 79 (2015) 114-135.
[2]- Grant F. Carnichner, Leland M. Nicolai. Fundamentals of Aircraft and Airship
Design, Volume 2- Airship Design and Case Studies. AIAA- American Institute
of Aeronautics and Astronautics, 2013. pp. 753-765.
[3]- Batrawy, Aya "Solar-powered plane takes off for a flight around the
world". Associated Press. 9 March 2015.
[4]- AliSport (n.d.). "Silent Club, Electric Self-launch Sailplane".
[5]- Jay Levine.’Piloted, Electric Propulsion-Powered Experimental Aircraft Underway’.
X-Press editor NASA Armstrong Flight Research Center.Feb.8, 2016.
[6]- Daryl Stephenson, A look at the subsonic (left) and supersonic airplane concepts
Boeing submitted to NASA for the agency’s N+3 program, which sought
concepts for designs for future commercial airplanes that offer improvements in
operational and environmental performance, Iteknoledgies International site, May
2012. Available at: https://aerospaceblog.wordpress.com/2012/05/03/a-look-atthe-subsonic-left-and-supersonic-airplane-concepts-boeing-submitted-to-nasa-forthe-agencys-n3-program-which-sought-concepts-for-designs-for-futurecommercial-airplanes-that-offer-impr/ Retrieved 9-13-2016
[7]- AIRBUS Group, E-Fan, electric and hybrid-electric aircraft project available at
http://www.airbusgroup.com/int/en/news-media/press-kit~item=6234b3fe-02074c59-84ff-2c6183a3c163~.html Retrieved 9-13-2016
[8]- Peter Merlin. “LEAPTech to Demonstrate Electric Propulsion Technologies” NASA
Armstrong Flight Research. March 16, 2015.
[9]- C. Pornet, S. Kaiser, A.T Isikveren and M. Harmung. ‘Integrated fuel-battery hybrid
for a narrow-body sized transport aircraft’. Aircraft Engineering and Aerospace
Technology: An International Journal 86/6 (2014) 568–574.
[10]- Xian-Zhong GAO, Zhong-Xi Houn, Zheng Guo, Xiao-Qian Chen.’ Reviews of
methods to extract and store energy for solar-powered aircraft’. Renewable and
Sustainable Energy Reviews’. January 2015.
39

[11]- Peter Coates, Li-S or Lithium-Sulfur Batteries (LSBs) for Submarine On the Way,
Submarine Matters, June 2015 available at
http://gentleseas.blogspot.com/2015/06/li-s-or-lithium-sulfer-batteries-lsbs.html
Retrieved 9-13-2016.
[12]- G. K. Singh. ‘Solar power generation by PV (photovoltaic) technology: A review.
Energy. Volume 53, 1 May 2013, pages 1-13.
[13]- A.T. Isikveren, S. Kaiser, C. Pornet and P.C. Vratny.’ Pre-design strategies and
sizing techniques for dual-energy aircraft’. Aircraft Engineering and Aerospace
Technology: An International Journal 86/6 (2014) 525–542.
[14]- Rayleigh, J.W.S., 1883. The soaring of birds. Nature 27, 534–535
[15]- Kangwen Sun, Ming Zhu, Lifeng Wang, and Hu Liu. ‘Analysis of the Hybrid
Power System for High-Altitude Unmanned Aircraft’. Research Article.
Advances in materials Science and Engineering Volume 2015, Article ID 380708.
June 2015.
[16]- G. Romeo, F. Borello, G. Correa, E. Cestino, “ENFICA-FC: Design of transport
aircraft powered by fuel cell & flight test of zero emission 2-seater aircraft
powered by fuel cells fueled by hydrogen”, International journal of hydrogen
energy 38 (2013) 469-479.
[17]- Zhe Zhang, Riccardo Pittini, Micheal A. E. Andersen and Ole C. Thomsen. “A
review and design of power electronics converters for fuel cell hybrid system
applications” . Energy Procedia 20 (2012) 301-310.
[18]- Jerome Bernard, Marcel Hofer, Uwe Hannesen, Antoine To the Akinori Tsukada,
Felix N. Buchi, Philipp Dietrich. “Fuel cell/battery passive hybrid power source
for electric powertrains” Journal of Power Sources 196 (2011) 5867-58172.
[19]- Hadi Ebrahimi, Javad R.Gatabi, Hassan El-Kishky. An auxiliary power unit for
advanced aircraft electric power systems. Electric Power Systems Research 119
(2015) 393-406.
[20]- Mr. Florian Martini, World-record electric motor for aircraft, Siemens AG, Siemens
global website, Munich, Jul,14-2016.
[21]- Pia Bergqvist, Hybrid Electric Aircraft Motor Powers Up, The powerful new
Hypstair, flying mag, February 19, 2016.
[22]- Dr. Kerry-An Adamson, Are Fuel Cells the Future for distributed Generation?
Cleantech magazine, http://www.cleantechinvestor.com/portal/fuel-cells/5382fuel-cells-in-aircraft.html Retrieved 09-06-2016

40

[23]- AIRBUS Official Website, Fuel Cells, http://www.airbus.com/innovation/future-byairbus/future-energy-sources/fuel-cells/ Retrieved 09-06-2016
[24]- Alex Davies, WIRED, February 2016, https://www.wired.com/2016/02/planescould-finally-make-hydrogen-fuel-cells-useful/ Retrieved 09-06-2016
[25]-R.S. Khurmi, R.S. Sedha, Material science, S.Chand, 1987.
[26]- Wang, J.Y. (2008). "Pressure drop and flow distribution in parallel-channel of
configurations of fuel cell stack U-type arrangement". Int. J. of Hydrogen
Energy 33 (21).6339–6350.
[27]- Sandy Thomas, Fuel Cell and Battery Electric Vehicles Compared, H2Gen
innovations, (2009).
[28]- National Museum of American History, Smithsonian Institution, April 2016.
http://americanhistory.si.edu/fuelcells/index.htm Retrieved 09-07-2016.
[29]- K.M. Spencer, Investigation of Potential Fuel Cell Use in Aircraft. Institute for
Defense Analyses, December 2013.
[30]- The Fuel Cell Industry Review 2012, Fuel Cell Today, London, UK 2012.p-4
[31]- Aerolithium Batteries, http://www.aerolithium.com/gallery/ Retrieved 09-06-2016.
[32]- Batteries for electric airplanes: Solar Impulse II – flying across the Pacific,
BATTERYbro, May 2015. https://batterybro.com/blogs/18650-wholesale-batteryreviews/31850627-batteries-for-electric-airplanes-solar-impulse-ii-flying-acrossthe-pacific/ Retrieved 09-06-2016.
[33]- Xian-Zhong Gao, Zhong-Xi Hou, Zheng Guo, Xiao-Qia Chen, Reviews of a
method to extract and store energy for solar-power aircraft, Renewable, and
Sustainable Energy Reviews 44 (2015) 96-108.
[34]- Li-S, OXIENERGY available at http://www.oxisenergy.com/technology Retrieved
09-09-2016.
[35]- CESSNA Official Website, Piston, Cessna-Skyhawk,
http://cessna.txtav.com/en/piston/cessna-skyhawk#_model-specs Retrieved 08-312016.
[36]- Overhaulbids, Lycoming 360 overhaul cost, available at
http://blog.overhaulbids.com/lycoming-360-overhaul-cost/ Retrieves: 9-12-201

41

[37]- U.S. Department of Transportation Federal Aviation Administration flight standard
service, Pilot’s handbook of Aeronautical Knowledge, FAA-H-8083-25, 2013
available at: https://www.americanflyers.net/aviationlibrary/pilots_handbook/chapter_1.htm Retrieved: 9-12-2016.
[38]- Andrew Gang, Jennifer L.Palmer, Geoff Brian, James R.Harvey, Dries Verstraete,
“Performance of a hybrid, fuel-cell-based power system during simulated small
unmanned aircraft missions”, International journal of hydrogen energy 41 (2016)
1 April 2016.
[39]- Find an Engine, Product, Lycoming website
http://www.lycoming.com/Lycoming/PRODUCTS/FindAnEngine/tabid/234/searc
h_by/model/value/IO-360-L2A/Default.aspx# Retrieved: 9-12-2016.
[40]- GA Whyatt, LA chick, Electrical Generation for More-Electric Aircraft using Solid
Oxide Fuel cells, U.S. Departement of ENERGY, April 2012.
[41]- Peter Odetala, Patricia Papoola, Olawale Popoola, and David Delport,
Electrodeposition of functional Coatings on Bipolar Plates for Fuel Cell
Applications- A Review, Electrodeposition of Composite Materials, chap 11,
March 2016.
[42]- Jakub Kupecki, Janusz Jewulski, and Jaroslaw Mileski. Multi-level Mathematical
Modeling of Solide Oxide Fuel Cells. Clean Energy for Better Environment, chap
4, October 2012.
[43]- The Green Box Systems Group. Bio Fuel Cells Concepts for Local Energy, The
University of Strathclyde in Glasgow. Available at
http://www.esru.strath.ac.uk/EandE/Web_sites/9900/bio_fuel_cells/groupproject/
pageframe.htm Retrieved: 9-28-2016.
[44]- Robert Gover, A Battery-Powered Cessna 172 Skyhawk, March 14, 2011.
Available at: http://www.flyingmag.com/aircraft/battery-powered-cessna-172skyhawk. Retrieved: 10-20-2016.

42

EXCEL PROGRAM TO CALCULATION THE NET POWER OUTPUT
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Assessmen
t options
Given electrical power required,
determine fuel consumption & heat
output
Electrical
power
required
124kW
Given fuel availability, determine
electrical & heat output
Fuel
supplied to
6.00Esystem
03kg/s
Fuel consumption for given
electrical power output

Electrical power output
from given fuel supplied

Power required
from fuel cell stack

Fuel flow proportional to
current, or constant utilisation
Total fuel
consumptio
n

Net power required from
fuel cell system
Total ancillary loads
referred to AC output
Total AC power
required from
system
Converter
efficiency
DC power required
from fuel cell stack

124kW

Fuel used for
external
preheating
(excluding
recirculatio
n)

0kW

124kW

Fuel used for
reformer
preheating
(excluding
recirculatio
n)

95.0%
130.53kW

Fuel supplied to
stack or reformer
(excluding
recirculated &
preheat fuel)

Voltage constant
with current
Cell voltage = stack
voltage / no cells in series

Hydrogen
supplied to stack
(without
recirculatio
n)
Current efficiency or
ratio of fuel utilisation
Hydrogen
utilised in
stack

0.630V

Sum of currents through
all cells in stack
Cell current x no cells in
parallel x no cells in series

2.07E
+05A
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6.00
E-03
0.00
E+0
0

0.00
E+0
0

6.00
E-03

3.02
E-03

71.7
2.16
E-03

Sum of currents
through all cells in
stack

Fuel flow proportional to current,
or constant utilization
Hydrogen
utilized in
stack
Current efficiency or ratio
of fuel utilization
Hydrogen supplied
to stack
(without
recirculation)
Fuel supplied to
stack or reformer

2.15E-kgH2/
03s
71.7%
2.99E-kgH2/
03s

5.95E03kg/s

0.00E
+00kg/s

Fuel used for
external preheating
(excluding
recirculation)

0.00E
+00kg/s

Total fuel
consumption

DC power output
from fuel cell
stack
Converter
efficiency
Total AC power
output from
system
Total ancilllary loads
refered to AC output

Net power output
from fuel cell
system

5.95E03kg/s

Heat
outpu
t
Net heat gain within fuel
cell stack
Hydrogen supplied
to stack
(without
recirculation)
Current efficiency or ratio
of fuel utilization
Heat from fuel cell
reaction
Voltage
efficiency
Effectiveness of heat
recovery from voltage
losses
Heat recovery from
voltage losses

Voltage constant
with current
Cell voltage = stack
voltage / no cells in
series

2.09
E+0
5

0.63
0

Power output
from fuel cell
stack

(excluding
recirculated &
preheat fuel)
Fuel used for
reformer preheating
(excluding
recirculation)

Cell current x no cells in
parallel x no cells in
series

2.99E-kgH2/
03s

71.7%
66.0kW
67.4%
75.0%
47.3kW
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131.
564
95.0
125.
0
0

125.0

Heat absorbed by
reforming reaction
Net heat gain within
fuel cell stack
Internal preheating using
unutilized fuel
Heat from combustion of
recirculated hydrogen

61.7kW
51.6kW

102.2kW

Reformer
preheating
Heat
in

0.0kW

External
preheating
Heat
in

0kW

Heat losses from fuel cell
system to surroundings
Total heat
loss

0kW

Heat exchanger
effectiveness
Heat
transferred /
heat in

1

Heat output from
heat exchanger

153.8kW

Net usable heat gain from
complete fuel cell system

153.8kW
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